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(54) Mark independent alignment sensor 

(57) Coherent illumination (12) is used to illuminate 
a symmetrical alignment mark (18) with an image rota- 
tion interferometer (26) producing two images of the 
alignment mark, rotating the images 180* with respect 
to each other, and recombining the images ihterferomet- 
rically. The recombined images interfere constructively 
or destructively, in an amplitude and or polarization 
sense depending upon the method of recombination, 
when the alignment sensor (10) is located at the center 
of the alignment mark. The rotation interferometer (26) 
is preferably a solid glass assembly made of a plurality 



of prisms. A detector (28) extracts the alignment infor- 
mation from the image rotation interferometer (26). The 
resulting center of the alignment mark (1 8) is accurately 
detemnined. A relatively large number of different align- 
ment mark patterns may be utilized, as long as the align- 
ment mark patterns exhibit one hundred and eighty de- 
gree symmetry. Parallel lines, a grid pattern, or a check- 
erboard grating may be used. The alignment sensor (1 0) 
may be applied to a scanning photolithographic system 
providing sinusoidal alignment signals. The alignment 
system is particularly applicable to photolithography as 
used in semiconductor manufacturing. 
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Description 

GOVERNMENT RIGHTS 

[0001] The United States Government may have cer- 
tain rights in the present invention pursuant to Contract 
No. N0001 4-96-0291 awarded by the Office of Naval 
Research. 

FiELD OF THE INVENTION 

[0002] The present invention relates in general to li- 
thography used in the manufacture of semiconductor 
devices, and particularly to an alignment system. 

BACKGROUND OF THE INVENTION 

[0003] The manufacture of semiconductor devices 
uses a lithographic technique. It is often necessary to 
align or locate an object with a known reference coordi- 
nate system. In microcircuit lithography, the image of a 
reticle is projected onto a photosensitive substrate or 
wafer which is reproduced forming circuit patterns. Dif- 
ferent processing steps often require different layers to 
be sequentially fomried on the substrate to form a sem- 
iconductor device. Accordingly, it is often necessary to 
relocate the substrate with a high degree of accuracy. 
The substrate must be accurately positioned relative to 
prior patterns formed thereon. Alignment accuracy is of- 
ten critical and typically is required to be less than 0.1 
micron. Generally, an alignment mark or target is placed 
on a substrate to be aligned and is located with refer- 
ence to a second object such as an alignment sensor. 
The position of the alignment mark, and therefore the 
substrate, is determined with respect to the alignment 
sensor coordinates. This is a critical step in alignment. 
The position of an alignment mark is normally defined 
with respect to the wafer plane and the center of sym- 
metry of some portion of the alignment mark pattern. 
Typically an alignment sensor has an alignment axis that 
is nonnal to the plane of the substrate or wafer. Gener- 
ally, alignment sensors require the use of a special align- 
ment mark pattern, or a relatively restricted class of 
alignment mark pattems, that is placed on a substrate 
or wafer. 

[0004] An alignment system is disclosed in United 
Stales Patent 5,477,057 entitled "Off Axis Alignment 
System For Scanning Photolithography" issuing to Dav- 
id Angeley et al on December 1 9, 1 995, which is herein 
incorporated by reference. Therein disclosed is an align- 
ment system having multiple detectors for detection of 
light scattered and reflected from alignment marks 
placed on a wafer. Another alignment system is dis- 
closed in United States Patent 5,559,601 entitled "Mask 
And Wafer Diffraction Grating Alignment System 
Wherein The Diffracted Light Beams Return Substan- 
tially Along An Incident Angle" issuing to Gallatin et al 
on September24, 1 996, which is herein incorporated by 



reference. Therein disclosed is a grating-grating inter- 
ferometric wafer alignment system utilizing a coherent 
Illumination for determining alignment from the return 
electromagnetic radiation intensity. Another alignment 
5 system is disclosed in United States Patent 5,767,523 
entitled "Multiple Detector Alignment Systeni For Pho- 
tolithography" issuing to McCullough on June 16,1 998, 
which is herein incorporated by reference. Therein dis- 
closed is a detector having a photosensitive surface 
10 covered with an opaque layer having predetemriined 
openings therein combined with a matched reticle hav- 
ing predetennined apertures. 

[0005] While these and other alignment systems have 
performed adequately for their intended purpose, there 
'5 is an increasing need for improving the accuracy of 
alignment systems. Additionally, there is a need for an 
alignment system that can utilize a relatively large class 
of alignment mark patterns. 

20 SUMMARY OF THE INVENTION 

[0006] The present invention is an alignment sensor 
that is self referencing to the center of symmetry of any 
mark having one hundred and eighty degree symmetry. 
25 An alignment mark having one hundred and eighty de- 
gree symmetry placed on the substrate is illuminated 
with coherent illumination. The image of the alignment 
mark is divided into two images. The images are rotated 
one hundred and eighty degree with respect to each oth- 
30 er, and are coherently recombined with an interferom- 
eter. With proper phasing of the interferometer paths the 
recombined image will interfere constructively or de- 
structively in amplitude in a detectable arid identifiable 
way or combine to form detectable and identifiable po- 
35 larization states when the axis of the alignment sensor 
Is located at the center of the alignment mark symmetry. 
The alignment mark may be any class of mark having 
180** symmetry, such as altemating spaces and lines, a 
grid pattern, or a checkerboard pattern, Including other 
40 symmetrical patterns. Preferably, a prism is used to form 
the two Images, rotate the two images with respect to 
each other, and interferometrically recombine the two 
images. A detector detects the interference as a result 
of the recombined two images and locates the center of 
45 the alignment mark to accurately detect the position of 
the substrate. 

[0007] Accordingly, it is an object of the present inven- 
tion to provide improved alignment in a lithographic sys- 
tem used in the manufacture of semiconductor devices. 
50 [0008] It is an advantage of the present invention that 
a mark having one hundred and eighty degree symme- 
try is used. 

[0009] It is a feature of the present Invention that two 
images of the alignment mark are coherently recom- 
55 bined in an interferometer to accurately identify the cent- 
er of the alignment mark. 

[0010] It is a feature of the present invention that a 
prism is used to divide, rotate, and recombine the image 
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of an alignment mark having one hundred and eighty 
degree symmetry. 

[0011] These and other objects, advantages, and fea- 
tures will become readily apparent in view of the follow- 
ing detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] 

Fig. 1 schematically illustrates the alignment sensor 
of the present invention. 

Figs. 2A-E are plan views illustrating different align- 
ment marks having one hundred and eighty degree 
symmetry. 

Figs. 3A-E are plan views illustrating the dividing, 
rotating, and recombining of an image. 
Fig. 4A is a plan view illustrating scanning of an 
alignment mark. 

Fig. 4B is a graph illustrating an alignment signal 
and the identifying of a center of the alignment 
mark. 

Fig. 5A is a schematic illustration of a preferred em- 
bodiment of the present invention. 
Fig. 5B is a cross section taken along line 5B-5B in 
Fig. 5A. 

Fig. 6A is the side view of a prism utilized in one 

embodiment of the present invention. 

Fig. 6B is a top view of the prism illustrated in Fig. 

6A. 

Fig. 6C is a bottom view of a prism illustrated in Fig. 
6A. 

Fig. 7A is a side view of a prism of a second em- 
bodiment of the present invention. 
Fig. 7B is a top view of the prism illustrated in Fig. 
7A. 

Fig. 7C is a bottom view of the prism illustrated in 
Fig.7A. 

Fig. 7D represents a coordinate system. 

Fig. 8A is a side view of a prism utilized in a third 

embodiment of the present Invention. 

Fig. 88 is a side view of the prism illustrated in Fig. 

8A. 

Fig. 8C is a bottom view of the prism illustrated in 

Fig. 8A. 

Fig. 9 is a block diagram illustrating the method 
steps of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0013] Fig. 1 is a schematic diagram illustrating the 
present invention. Alignment sensor 1 0 comprises a co- 
herent Illumination source 12, such as a laser, providing 
electromagnetic radiation 13, to a beamsplitter 14. A 
portion of the electromagnetic radiation is reflected off 
coating 16 to illuminate an alignment mark or target 18. 
The alignment mark or target 18 has one hundred and 



eighty degree symmetry. By one hundred and eighty de- 
gree symmetry, it is meant that when the alignment mark 
or target 18 is rotated one hundred and eighty degree 
about an axis of symmetry perpendicular to the plane of 
5 the alignment mark 18, the alignment mark is substan- 
tially identical to the unrotated alignment mark. The axis 
for which this is true is called the axis of symmetry. The 
alignment mark 1 8 is placed on or within a photosensi- 
tive substrate or wafer 20. The photosensitive substrate 
10 20 is placed on a stage 22. The stage 22 may be 
scanned in the direction Indicated by arrow 24- Electro- 
magnetic radiation reflected from the alignoiient mark 18... 
passes through the beamsplitter 14 and is collected by 
the image rotation Interferometer 26. It should be appre- 
15 elated that a good quality image need not be formed, 
but that the features of the alignment mark should be. 
resolved. The image rotation interferometer 26 may be 
any appropriate set of optical elements, and is prefera- 
bly a combination of prisms, that form two images of the 
20 alignment mark, rotate one of the images with respect 
to the other one hundred and eighty degrees and then 
recomblnes the two Images interferometrically so that 
when aligned with the alignment target IB, the electro- 
magnetic radiation will interfere either in a polarization 
25 sense or in an amplitude sense, constructively or de- 
structively, making readily detectable the center of the 
alignment mark 18. The optical ray passing through the 
center of rotation established by the interferometer. 26, 
defines the sensor alignment axis 27. Detectors 28 re- 
30 ceive the electromagnetic radiation from the image ro- 
tation interferometer 26. The detectors 28 then provide 
signals to the signal analyzer 30. The signal analyzer 
30 is coupled to the stage 22 such that the position of 
the stage is known when the center of alignment mark 
35 18 Is detennined. Therefore, the position of the align- 
ment mark 1 8 is very accurately known with reference 
to the stage 22. Alternatively, the location of the align- 
ment sensor 1 0 may be known such that the center of 
the alignment mark 18 is known with reference to the 
40 alignment sensor 10. Accordingly, the exact location of 
the center of the alignment target 18 is known relative 
to a reference position. Thereby, by using an alignment 
mark of a class that is one hundl-dd 'and eighty degree . 
symmetrical in combination with an image rotation inter- 
ns ferometer, the alignment system Is self referencing to 
the center of the alignment mark. This makes possible 
the use of a wide variety of alignment marks that need 
only be one hundred and eighty degree symmetrical. 
Additionally, the center of the mark may be very accu- 
se rately determined even with a relatively poor image. 
[0014] Figs. 2A-E are plan views of examples of dif- 
ferent possible alignment marks. It should be appreci- 
ated that Figs. 2A-E are only examples of different align- 
ment marks and that many different one hundred and 
55 eighty degree symmetrical alignment marks may be uti- 
lized in practicing the present invention that can readily 
be detennined by one skilled in the art based on the 
teachings of the present invention. Fig. 2A illustrates a 
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square grid checkerboard alignment target 18A. The tar- 
get 18A is comprised of a plurality of two types of opti- 
cally different squares, 34 and 36. The two types of 
squares may be differentiated by pattern, reflectance 
(amplitude and/or phase), or any combination of these. 5 
Alignment mark 18A functions primarily like two linear 
gratings oriented at right angles with respect to each 
other; one at an angle of +45 degrees with respect to 
the orientation of edge or line 32 and the other at an 
angle of -46 degrees with respect to edge or line 32. io 
[0015] Alignment mark 18A, when rotated one hun- 
dred and eighty. degree. about an axis perpendicular to 
its plane results in a substantially identical pattern or 
mark. Therefore, alignment mark 18A is one hundred 
and eighty degree symmetrical is 
[001 6] Fig. 2B illustrates a diamond shaped alignment 
mark 1 SB. The alignment mark 1 SB Is comprised of a 
plurality of vertical equally spaced lines 40 having spac- 
es 38 there between. When the alignment mark 18B is 
rotated one hundred and eighty degree about an axis 20 
perpendicular to the plane of the alignment mark 18B, 
a substantially identical pattern or mark is formed. 
Therefore, alignment mark 188 Is one hundred and 
eighty degree symmetrical. 

[0017] Fig. 2C illustrates another alignment mark 25 
1 8C. The alignment mark 1 8C has a plurality of lines 44 
separated by spaces 42. The spaces 42 are of different 
spacing or dimensions. Therefore, the lines 44 have a 
different pitch or period. The different periods of lines 44 
are symmetrical about a central line 46. Therefore, when 30 
the alignment target 18C is rotated one hundred and 
eighty degree about an axis perpendicular to the plane 
of the alignment mari< 1 8C, a substantially identical pat- 
tern or mark is fomned. Therefore, alignment mark 18C. 
is one hundred and eighty degree symmetrical. 35 
[0018] Fig. 2D illustrates another alignment target 
18D. Alignment target 18D has alternating lines, which 
may be spaces 39 and lands 41 . The spaces 39 and the 
lands 41 are angled forty-five degrees with respect to 
the longitudinal axis of the alignment target 18D. 40 
[0019] Fig. 2E illustrates another alignment target 
18E. Alignment target 18E has alternating lines, which 
may be spaces 45 and lands 43. The spaces 45 and the 
lands 43 are angled forty-five degrees with respect to 
the longitudinal axis of the alignment target 18E. 45 
[0020] Figs. 3A-E illustrates the image manipulation 
of the alignment sensor of the present invention, and in 
particular the image rotation interferometer 26 ^ illustrat- 
ed in Fig. 1 . Fig. 3A illustrates the formation of an image 
48. For illustrative purposes, the image has been select- so 
ed as the letter R However, it should be appreciated in 
practicing the present invention that the image of a one 
hundred and eighty degree symmetrical alignment mark 
would be formed. The letter F is not a one hundred and 
eighty degree symmetrical mark. Fig. 3B illustrates the ss 
fonnation of two images 48a' and 48b' of the image 48, 
illustrated in Fig. 3A. Fig. 3C illustrates rotating one of 
the images 48a' or 48b', illustrated in Fig. 38, with re- 



spect to the other image forming a one hundred and 
eighty degree rotated image 48". Fig. 3D illustrates the 
recombining of image 48a' and image 48", which is ro- 
tated one hundred and eighty degrees Illustrated in Fig. 
3C to form an interferometrically recombined image 
48'". Fig. 3E illustrates the recombining of the left image 
48a' of Fig. 3B when it is rotated +90 degrees and right 
image 48b* of Fig. 38 when it is rotated -90 degrees to 
form an interferometrically recombined image 48"". Be- 
cause the alignment mark is one hundred and eighty de- 
gree symmetrical, the recombined image will interfere 
. constructively or destructively when the axis of the align- 
ment sensor is exactly over the alignment mark center 
of symmetry. This results in accurate detection and 
therefore location of the center of the alignment mark. 
It should be appreciated that the optical manipulation of 
the Image of an alignment mark may be perfonned in a 
number of different equivalent ways. It is only the end 
result of fonning a first image of the alignment mark and 
a second image of the alignment mark rotated one hun- 
dred and eighty degrees relative to the first image that 
is essential. For example, If two images are formed both 
Images could be rotated ninety degrees in opposite di- 
rections to form the required two images rotated one 
hundred and eighty degrees with respect to each other. 
[0021] Fig. 4A-8 illustrates the application of the 
present invention to a scanning sensor or wafer which 
could be part of a scanning photolithographic system. 
In Fig. 4 A coherent Illumination 112 scans an alignment 
target 118 comprised of vertical lines 136 and spaces 
137. Arrow 124 indicates the relative direction of scan. 
Generally, the Illumination 1 12 will be stationary and the 
alignment target 118 will move relative thereto. Fig. 4B 
Is a graph illustrating energy as a function of time. Curve 
150 represents a signal obtained by a scanning align- 
ment system of the present Invention. The signal 150 is 
contained by an envelope function 152. Point 154 rep- 
resents the maximum energy or height of the envelope 
function 1 52. This maximum height or point 154 occurs 
at a time tg representative of the coincidence of the mark 
center and the sensor alignment axis 27, Illustrated in 
Fig. 1. 

[0022] Fig. 5A-B illustrates in more detail an embodi- 
ment of the present invention. The alignment sensor 21 0 
receives coherent electromagnetic radiation from a 
source, hot Illustrated, from a single-mode polarization- 
preserving optical fiber 21 3A. The optical fiber 21 3A 
may transmit two wavelengths of electromagnetic radi- 
ation, preferably at 635 and 680 nanometers. Another 
single-mode polarization-preserving optical fiber 2138 
may be utilized for transmitting three longer wave- 
lengths, preferably at 780, 830, and 880 nanometers. 
Fiberoptic couplers 21 5A and 21 6B, respectively, may 
be used to collimate the output of the optical fibers 21 3A 
and 21 38 to enter a lossless wavelength based beam 
combiner cube 217. However, it is possible to combine 
the two optical fibers 21 3A and 21 3B with a single optical 
fiber, eliminating the need for the beam combiner cube 
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217. The wavelengths should have S-polarization, line-, 
ar polarization perpendicular to the plane of the page. 
Adjacent to the beam combin ing cube 21 7 is a lens 21 9. 
Lens 21 9 provides illumination pupil correction. Line 221 
represents the location of the corrected pupil plane, 
which is adjacent to stop 223. The stop 223 is preferably 
a square, but may have other shapes such as a circle, 
or diamond. Lenses 21 9, 225, and 231 are selected and 
spaced along with pupil plane 221 to provide a nominally 
constant phase and uniformly illuminated image of stop 
223 at the substrate plane or wafer 233 having an align- . 
ment target 21 8, thereon. These imaging conditions do 
not need to be met exactly for the sensor to function 
properly. The most critical requirement is the mainte- 
nance of one hundred and eighty-degree symmetry 
about the interferometer-defined alignment axis. Op- 
tional stop 227 may be used to limit the diameter of lens 
225 thereby limiting the substrate illumination numerical 
aperture to a predetermined value, preferably approxi- 
mately 0.2. 

[0023] An achromatic polarization-based beamsplit- 
ter cube 214 is used to reflect the incident S-polarized 
illumination toward the substrate 233 and transmits P- 
polarization illumination from the substrate 233 toward 
a rotation interferometer prism 226. An achromatic quar- 
ter wave plate 229 is placed adjacent to the beamspHtter 
cube 21 4 to convert the incident linear S-polarization in- 
to right or left circularly polarized light illuminating the 
wafer mark or alignment target 218. Although not re- 
quired, it is useful here to consider the alignment target 
218 to be of the form of the checkerboard grating 18A 
shown in Fig. 2A with the horizontal and vertical lines 
parallel and normal to the page. Thus, the checkerboard 
gratings are oriented at ±45 degrees with respect to the 
page. The most desirable alignment mark scan direction 
is parallel to either the horizontal or vertical lines. Ach- 
romatic quarter waveplate 229 also converts the desired 
portion of the substrate-scattered light, including the 
non-diffracted zero-order, into the linear P-polarized 
light that is transmitted by the beamsplitter 21 4. An ach- 
romatic half-wave waveplate 235 may be placed adja- 
cent to the beamsplitter cube 214 in lieu of rotating the 
rotation interferometer 22a forty-five degrees about the 
axis of lens 231. The rotation Interferometer 226 is a 
plurality of prisms combined to effectively provide two 
images of the alignment target 218, rotate one image 
one hundred and eighty degree with respect to the other, 
and interferometrically recombine the images. The ro- 
tation interferometer 226 may be polarization based. 
Typically, the rotation interferometer 226 can have a ro- 
tation error of approximately ± five milli-radians. Typi- 
cally, the optical path difference between the two amis 
should be less than two waves. Typically, the phase dif- 
ference between the S and P polarization reflections 
should be less than ± ten degrees. The alignment axis 
is defined by interferometer 226 centerline ray 226A and 
226B and the extension of this ray as it propagates 
throughout the sensor optics. Ray 226C is the alignment 



axis extended to wafer target 21 8. Adjacent to the rota- 
tion interferometer 226 is chromatic wave-plate assem- 
bly 237. Chromatic wave-plate assembly 237 Is de- 
signed and adjusted to compensate for any small phase 

5 errors or path difference between the two paths within 
the rotation interferometer 226. Waveplate assembly 
237 can be placed at either the entrance or exist of the 
interferometer. Dashed line 239 represents a plane that 
separates the alignment system 210 into two groups. 

10 Prior to this plane, the optical components just de- 
scribed generate the optical position signals. The com- 
ponents beyond this plane separate the signals and the... 
first order intensities. 

[0024] Adjacent to plane 239 is positioned a relay 
15 comprising two lenses 241 and 245. These tenses are 
selected and spaced to simultaneously image wafer 
plane 233 onto plane 243 and pupil plane 221 onto 
planes 244 and 255. There is an Intemnediate image of 
pupil plane 221 which is typically located between plane 
20 230 and plane 236 or 239. An optional stop, with a clear 
region that is the nominal size of the image of the wafer 
plane illumination spot, can be placed in plane 243 to 
block undesired stray light. In addition, an optional stop 
can be placed in plane 244 to reject undesired stray 
25 light, to block undiffracted light, or to select desired por- 
tions of the diffracted light. Adjacent to lens 245 are 
beamsplitter cubes 247A and 247B. Beamsplitter cubes 
247A and 247B are polarization based mostly transmit- 
ting beamsplitter cubes that transmit all of the local P- 
30 polarization while reflecting approximately five to ten 
percent of the S-polarization and transmitting the bal- 
ance of the S-poiarization. The beamsplitter cubes 247A 
and 247B are oriented with respect to interferometer 
226 and rotated 90** with respect to the other so that the 
35 final light transmitted has the same polarization state as 
the light incident upon beamsplitter 247A. Output light 
228A comes entirely from one path within Interferometer 
226 and output light 228B comes entirely to the other 
path within Interferometer 226. Following beamsplitter 
40 cube 247B is achromatic half-wave waveplate 249, 
which Is oriented to rotate the transmitted polarization 
forty-five degrees. Following waveplate 249 is achro- 
matic polarization based beamsplitter cube 251 A. Alter- 
natively, waveplate 249 can be omitted if beamsplitter 
45 251 A and the subsequent components are rotated ei- 
ther ±45 degrees about alignment axis 226B. Beam- 
splitter cube 251 A serves as an analyzer for polarization 
based rotation interferometer 226 generating two com- . 
plementary alignment signals. One output is proportion- 
so al to the sum of the two image fields. The other output 
is proportional to the difference between the two fields. 
The beamsplitter cube 251 A reflects S-polarization illu- 
mination upward along pate 228C and transmits P-po- 
larization. With proper optical tolerances and wave plate 
55 orientations, the wafer or substrate zero order will be S- 
polarized and hence exits beamsplitter 251 A along with 
the alignment position signal pair that is complementary 
to the transmitted signals. A detector assembly 228 is 
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positioned beyond the plane 228'. Detector assembly 
228 includes an achromatic polarization-based beam- 
splitter cube 251 B. The beamsplitter cube 251 B is used 
in conjunction with a quarter wave plate 253 and a mir- 
rored stop 255. Beamsplitter cube 251 B transmits the 
incident P-polarization through quarter wave plate 253. 
Mirror stop 255 is located in an image of plane 244 and 
Is a mirror with clear areas that transmit diffraction for 
the alignment mark gratings oriented at +45 degrees to 
the pagef and reflects diffraction for the alignment mark 
gratings oriented at -45 degrees to the page. Typically, 
the transmitted and reflected diffraction will be both first- 
order diffraction orders associated with each grating's 
orientation although only one of the diffraction orders is 
required. One signal, pair of diffraction orders, is trans- 
mitted through mirror stop 255. The other signal, pair of 
diffraction orders, is reflected from mirror stop 255 and 
travels back through quarter-wave waveplate 253 for 
the second time so that it is converted into S-polarized 
light and reflected upward by beamsplitter 251 B. Col- 
lection lenses 257A and 257B collect the alignment sig- 
nal position light typically fomriing a third image of the 
alignment mark 218 at collector stops 259A and 259B, 
respectively. The signal is transmitted by multi-mode op- 
tical fibers 261 A and 261 B, respectively. Photodetectors 
are positioned at outputs 263A and 263B providing the 
basic alignment position signals. The optics and detec- 
tors following plane 228* can be duplicated at 228C to 
provide complementary signals. Either or both comple- 
mentary signal pairs can be used. This requires either 
two or four photodetectors. 

[0025] The optics and detectors following plane 228' 
can be duplicated with beamsplitter 251 A replaced by 
solid glass cube at both 228A and 228B creating two 
output channels. In each channel mirror stop 255 is re- 
placed by a modified mirror stop that selects one of the 
two incident first orders, transmitting one and reflecting 
the other. This requires four photodetectors. These four 
signals will give information about the alignment mark 
and in particular about nnark symmetry. The inclusion 
and use of these optics and signals at beamsplitters 
247A and 247B are optional. It should be appreciated 
that the use of waveplates including 235, 249, as well 
as others may be optional, depending upon the use of 
polarization beamsplitters and the relative orientation of 
polarization sensitive components. 
[0026] If several different illumination wavelengths il- 
luminate mark 218, the signals from each wavelength 
may be separated at any point after the mark. A partic- 
ularly convenient wavelength separation region is the 
multimode fibers 261 A and 261 B just before the photo- 
detectors positioned at outputs 261 A and 261 B. Then 
there should be an additional set of photodetectors for 
each wavelength. 

[0027] While the embodiment illustrated in Fig. 5A has 
eight outputs, four outputs comprising the two comple- 
mentary pairs of alignment positions signals generated 
by interfering opposing first orders and four outputs 



comprising four first order diffraction amplitudes, all out- 
puts are not likely to be needed. It is estimated that only 
two outputs may actually be needed. 
[0028] Fig. 5B is a cross section taken along line 5B- 
5 5B in Fig. 5A. The electromagnetic radiation enters the 
rotation interferometer 226 at 231'. The electromagnetic 
radiation exits the rotation interferometer 226 through 
wave plate 237 and relay lens 241 . 
[0029] Figs. 6A-C illustrate different views of the rota- 

* 10 tlon interferometer 226 illustrated In Figs. 5A and 5B. 
The prism configuration of the rotation interferometer 
226 is of the Mach-Zehnder type. This Interferometer 
can be constructed from two prisms Joined at beamsplit- 
ter surface BSg. Optical ray path: ine-ae-bg-Cg-dg-eQ- 

15 outg and path: ine-ag-be'-Ce'-de'-ee-outg define the inter- 
ferometer alignment axis. Each letter callout dot repre-. 
sents a reflection point or beamsplitter BS intersection 
point of the alignment axis centeriine. Approximately, 
one-half of the energy follows each path. The reflections 

20 at bg-Cg-dg and bg'-Cg'-dg' reflect the associated rays out 
of the plane of the figure. Observed along the output ray 
eg-outg, these out-of-plane reflections rotate an image 
plane perpendicular to the ray. Because the orientation 
of the two mirrors associated with the reflections at bg 

25 and dg are reversed with respect to the orientation of the 
two mirrors associated with the reflections at bg' and dg', 
the images associated with the two paths are rotated in 
opposite directions. The mirror angles are selected so 
that the relative image rotation is one hundred and 

30 eighty degrees. The set of desired min-or angles is not 
unique. The set of symmetric mirror angles shown is 
particularly convenient. This set of angles is unique. 
This set of aingles is described in detail with respect to 
Fig, 7A-D. Beamsplitterand mirror coatings must be de- 

35 signed to control the relative phase shift between the 
two interferometer paths to maintain proper constructive 
and destructive interference between the two rotated 
images. One useful coating solution follows. Use iden- 
tical reflective coatings on the four min^ors reflecting at 
bg, dg, bg', and dg'. Use metallic type coatings with neg- 
ligible, phase shift between S-polarization and P-polari- 
zation states on the two mirrors reflecting at Cg and Cg'. 
Use a symmetric coating for beamsplitter surface BSg. 
[0030] This interferometer is particulariy useful be- 

45 cause no light can return toward the input direction, even 
with small fabrication errors. 

[0031] Fig. 7A-D illustrate different views of another 
type or embodiment of a rotation interferometer 326. Ro- 
tation interferometer 326 has an interferometer conflg- 

50 uration of the Sagnac ring type. This interferometer can 
be conveniently constructed from the three prisms 
shown. The prisms are joined at beamsplitter surface 
BS7 and the surface defined by HW1 and HW2. The co- 
incidence of the overiap region ayouty from optical ray 

55 path: in7-a7-b7-C7-d7-e7-a7-out7 and path: in7-a7-e7-d7- 
C7-b7-a7-out7 define the interferometer alignment axis. 
Each tetter callout dot represents a reflection point or 
beamsplitter BS7 intersection point. Approximately one- 
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half of the energy follows each path. The reflections at 
bj-Cj-dy reflect the associated rays out of the plane of 
the figure. Observed along the output ray ay-outy, these 
out-of-plane reflections rotate an image plane perpen- 
* dicular to the ray. Because the reversed order of reflec- 
tion at the out-of-plane mirrors, by-Cydy for the clock- 
wise path and dy-Cy-by for the counterclockwise path the 
images associated with the two paths are rotated in op- 
posite directions. The mirror angles are selected so that 
the relative image rotation is one hundred and eighty 
degrees. The set of desired mirror angles is not unique. 
- The set o1 symmetric miravi angles shown is particularly 
convenient. This set of angles is unique. With respect 
to the conventional Cartesian unit vectors shown in Fig. 
. 7D, the unit npmnal for the mirror reflecting at point by is: 



The unit normal for the mirror reflecting at point dy is: 

1. 1'> 1 £ 
2 2^ J2 

The corresponding mirrors in Fig. 6A-6C have similar 
orientations. It is preferred if the beamsplitter is polari- 
zatipn-based, reflecting S-polarization and transmitting 
P-polarization. The associated illumination should be 
coherent with nominally equal S-polarization and P-po- 
larization energies. With this equal energy constraint, 
the interferometer can be designed to accept ariy spec- 
ified elliptical polarization state. It is prefen-ed to insert 
a half-wave waveplate at location HW1 or HW2 oriented 
to rotate the incident polarizations ±90 degrees. For this 
prefen-ed configuration, all of the energy leaves the 
interferometer fomn the output face - no light returns to- 
ward the input face. The coatings must be designed with 
care to insure proper phase relationships for the S-po- 
larization and P-polarization associated with the clock- 
wise and counterclockwise paths to provide the desired 
constructive and destructive interference of the two jm- 
ages. In addition to coating design, proper phase rela- 
tionship can be established with the use of polarization 
sensitive waveplates and coatings external to the inter- 
ferometer at either the input or output. The poterization 
compensator shown at 237, in Fig. 5A, is an example of 
external compensation. 

[0032] This interferometer is desirable because it is 
compact, particularly tolerant of small fabrication errors, 
and has inherently equal paths for the two images when 
coatings are considered. 

[0033] Interferometers 226 and 326 can best be un- 
derstood as rotating one of the two images one hundred 
and eighty degrees with respect to the other image. 
[0034] Figs. 8A-C illustrate yet another embodiment 
of a rotation interferometer 426. The rotation interferom- 



eter 426 is another interferometer of the Mach-Zehnder 
type. This interferometer is composed of two beamsplit- 
ter cubes BS1 and BS2, two right angle prisms RP1 and 
RP2, and two pentaprisms PP1 and PP2. Light enters 

5 at ing, and leaves at either both out1 and out2 depending 
upon the election of mirror and beamsplitter coatings 
and the addition of internal waveplates. 
[0035] It is possible to f omn another embodiment from 
a beamsplitter cube and two Porro prisms. The Porro 

10 prisms are placed on two faces of the beamsplitter cube 
adjacent to the beamsplitting surface. The Pon^o prisms 
are oriented so that their central . vertices are at .ninety 
degrees to each other. Polarization and nonpolarization- 
based configurations can be designed by the appropri- 

15 ate selection of coatings and the addition of waveplates. 
This is an interferometer of the Michelson type. 
[0036] Interferometer 426 and the Porro prism based 
interferometer can best be understood as providing the 
desired one hundred and eighty degree inriage rotation 

20 by performing an x-axis fold of one of the two images 
followed by an y-axis fold of either of the images. This 
double fold is mathematically identical to rotating one 
image 180 degrees with respect to the other. 
[0037] It should be noted that it is possible to form a 

25 one-axis alignment sensor related to the preceding from 
an image folded about Its center of symmetry. 
[0038] All of these different embodiments of rotation 
Interferometers 226, 326, and 426 form two images of 
an alignment mark, rotate one image by one-hundred 

30 and eighty degrees relative to the other image and re- 
combine the two images interfei-ometrically to detenmine 
the center of the alignment mark. Although less efficient, 
these interferometers and the alignment sensor can 
function with non-polarization -based beamsplitters. 

35 [0039] Fig. 9 is a block diagram illustrating the method 
steps or acts of the present invention. Box 510 repre- 
sents the act or step of forming two images of a one 
hundred and eighty-degree symmetrical alignment 
mark. Box 512 represents the step or act of rotating one 

40 of the two images with respect to the other image. Box 
51 4 represent the step or act of recombining the two im- 
ages in an interferometer Box 51 6 represents the step 
or act of detecting signals representative of the recom- 
bined image. Box 51 8 represents the step or act of de- 

45 termining the center of the alignment mark based upon 
the detected signals. 

[0040] Referring to Figs. 1-9, the operation of the 
present invention should be readily appreciated. The 
alignment sensor of the present invention is self refer- 
so encing to the center of symmetry of any mark with one- 
hundred and eighty degrees of symmetry. One or two 
dimensional alignment marks, typically linear gratings 
and checkerboard gratings, are preferred. The align- 
ment sensor works from a general interferometric prin- 
55 ciple to generate sinusoidal alignment signals. The sen- 
sor coherently divides the coherently illuminated align- 
ment mark image into two images. One of the images 
is then rotated one-hundred and eighty degrees with re- 
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spect to the other The images are coherently recom- 
bined and aligned so that the two separate image paths 
are substantially exactly equal. The recomblned image 
then interferes constructively or destructively, in ampli- 
tude or in polarization state depending upon the inter- 
ferometer configuration, when the alignment sensor ax- 
is is located at the center of the alignment mark symme- 
try. With either amplitude or polarization state interfer- 
ence, two complementary images are formed, one ex- 
hibits constructive interference and is bright, and the 
other exhibits destructive interference and is dark or 
black. The present Invention illuminates an alignment 
mark with light or electromagnetic radiation that is spa- 
tially coherent with respect to the same one-hundred 
and eighty degree symmetry about the alignment sen- 
sor axis. A particularly convenient illumination is spatial- 
ly coherent collimated light with a wavefront perpendic- 
ular to the sensor axis and with a centered circular in- 
tensity profile. Alternately, any wavefront with a slight 
defocus or radial wavefront aberration may be used. De- 
pending upon the application, an apodized circular, rec- 
tangular, or square intensity distribution that is smaller 
or larger in extent than the alignment mark is useful. The 
minimum requirement is the mentioned one-hundred 
and eighty degree spatially coherence illumination. 
Thus, the illumination can be generated from an extend- 
ed or spatially incoherent source without discarding 
most of the light. The illumination source can contain a 
continuous range or several discreet wavelengths. Typ- 
ically, the light should be polarized with a state that is 
symmetric with respect to the pattern symmetry. For the 
preferred use of parallel lines and checkerboards as 
alignment marks, either left or right circularly polarized 
light may be used, but other polarization states are us- 
able. The image quality of the alignment sensor is not 
critical as long as one-hundred and eighty degree sym- 
metry is preserved for each image with proper local in- 
terference. Thin film polarizing beamsplitters may be 
used. However, they may require a polarization analyzer 
to create the two complementary images. Lossy beam- 
splitters may also be used. Preferably, a sequence of 
beamsplitters and reflections in the form of a solid glass 
prism interferometer assembly may be used to provide 
a rotation interferometer to separate, rotate, and recom- 
bine the two images. A similar construction Is also pos- 
sible using diffraction gratings replacing the thin film 
beamsplitters. Although not required, it may be useful 
to spatially filter the image in order to enhance perform- 
ance. It is generally useful to retain the diffracted light, 
that is light spatially modulated by the alignment mark 
pattern, and to reject both the unmodulated zero-order 
and randomly scattered light. In addition, it may be use- 
ful to reject higher diffraction orders from periodic marks. 
The image can be spatially filtered either before or after 
the rotational step. If the illumination underfills a periodic 
mark while still illuminating many mark periods, the re- 
combined images will exhibit maximum constructive or 
destructive interference whenever the sensor axis is at 



a center of the mark symmetry and the illumination com- 
pletely scans the mark. Thus, if a one dimensional pe- 
riodic mark pattern moves past the alignment sensor ax- 
is at a constant velocity in the direction nonnal to the 
5 pattern feature edges, as in a scanning lithographic sys- 
tem, alignment data is collected. The total energy in 
each of the complementary images varies periodically. 
A particularly desirable alignment mark is a one dimen- 
sional grating composed of bars In the fomri of equally 
^0 spaced lines and spaces. When such a mark Image is 
spatially filtered to retain only the two first diffraction or- 
ders, the total energy in each of the two complementary 
images varies sinusoldally as a function of the mark po- 
sition thereby providing a useful alignment signal. The 
'5 total energy in one image is of the form: 1 +Cos(47rV(t- 
to)/P) where V is the wafer stage velocity normal to the 
pattern lines, t Is time, t© is the time at which the center 
axis at the center of symmetry of an alignment mark pe- 
riod, and P is the mark period. The alignment marksen- 
20 sor position estimate is the mark location at the time t = 
to. The complementary image energy is of the form: 
1-Cos(4TCV(t-tQ)/P). The entire signal has a slowly vary- 
ing symmetric envelope factor with an increasing and a 
decreasing value for its leading and trailing edges, pro- 
25 duced as the alignment mark moves into and then out 
of the illumination area respectively. The envelope fac- 
tor is symmetrical about the time t = t^. For symmetric 
alignment marks, the alignment signal and the comple- 
mentary alignment signal contain the same alignment 
30 inf omriation . A two dimensional periodic pattern . such as 
a checkerboard grating, can produce simultaneous x- 
position and y-position estimates if the recomblned im- 
age is spatially filtered and separated into two one-di- 
mensional periodic images with the energy of each im- 
35 age collected separately. This produces two independ- 
ent alignment signals. The positional ambiguity implied 
by the periodic nature of a sinusoid can be eliminated 
by the use of appropriate pre-allgnment precision. Alter- 
nately, it can be eliminated by the use of one or more of 
^0 the following: 

detemriination of the center of the entire alignment signal 
including the envelope factor, the use of two or more 
periodic alignment marks of slightly different periods, 
the use of non-periodic patterns including isolated fea- 
45 tures and lines or checkerboards of variable but sym- 
metrical patterning. Since the alignment signal does not 
depend upon conventional image fonnation, the align- 
ment sensors will operate over a relatively large depth 
of focus. A relative image rotation angle of approximate- 
50 ly one-hundred and eighty degrees is preferable, al- 
though other angles may be used. One Image may be 
folded about the normal to the alignment sensitive di- 
rection providing a single axis alignment sensor. This 
folding can be repeated about a second axis to provide 
55 alignment information for the other axis. The required 
Interferometric image manipulation may be performed 
in a number of ways in combination with various optical 
cohiponents. Preferably, the required interferometric 
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image manipulation of a rotational interferometer is 
comprised of a solid glass interferometer prism config- 
uration incorporating symmetric use of lossless ampli- 
tude or polarization sensitive beamsplitters and sym- 
metric out-of-plane reflections from plane mirror surfac- 
es. 

[0041] Figs. 6A-C, 7A-D, and 8A-C illustrate three 
interferometric configurations, although others are pos- 
sible. The designs illustrated in Figs. 6A-c and 7A-C 
contain a particularly useful three mirror geometry in the 
form of a totally reflecting prism. There are two mirror 
surfaces symmetrically placed about a center base mir- 
ror. An image incident into the assembly on one side 
exits the second side rotated counterclockwise, that is 
rotated plus ninety degrees. An image incident into the 
assembly on the second side exits the first side rotated 
clockwise, that is rotated minus ninety degrees, so that 
the two images are rotated the desired one-hundred and 
eighty degrees with respect to each other. The image 
rotations can be interpreted as three-dimensional coor- 
dinate system rotations. The image manipulation and 
interferometric techniques may be assembled from 
combinations of other equivalent optical elements, such 
as gratings, Koster's prisms, lossy beamsplitters, both 
spherical and cylindrical lenses, as well as incorporating 
the reflections from folded mirror geometries such as 
corner cubes and ninety degree roof prisms among oth- 
ers. A practical embodiment may be the use of solid 
glass Michaelson interferometer-based configurations 
with folded mirror systems, in the form of prisms with 
internally reflecting bare or coated surfaces, replacing 
the usual air spaced flat mirrors. Two other options may 
be either one corner cube mirror assembly and a flat 
mirror or two ninety-degree roof prisms oriented with 
their vertices at right angles. However, such assemblies 
present fabrication difficulties and can return some light 
back toward the alignment mark. Variations of the men- 
tioned Michaelson type interferometers have been used 
in Fourier transfomri spectrometers to measure star light 
coherence. The present invention can be applied to 
mask pattern and aerial image position sensing, as well 
as non-lithographic applications. 
[0042] Accordingly, it should be appreciated that the 
present invention greatly facilitates alignment and is 
particularly applicable to alignment used in lithographic 
operations in the manufacture of semiconductor devic- 
es. The alignment sensor of the present invention 
makes available a large number of different alignment 
mari< patterns and is self-referencing to the center of 
symmetry of the alignment marks. Accordingly, although 
the preferred embodiment has been illustrated and de- 
scribed, it will be obvious to those skilled in the art that 
various modifications may be made without departing 
from the spirit and scope of this invention. 
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Claims 

1. An alignment sensor comprising: 

5 . a source of alignment ill urrii nation; 

an image rotation interferometer receiving elec- 
tromagnetic radiation from a symmetrical align- 
ment mark illuminated by said source of align- 
ment illumination: and 

10 a detector receiving electromagnetic radiation 

from the image rotation interferometer, 
whereby, the location of the center of the sym- 
metrical alignment mark is determined. 

15 2. An alignment sensor as in claim 1 wherein: 

said image rotation interferometer comprises 
a prism. 

3. An alignment sensor as In claim 1 wherein: 

20 said source of alignment illumination is coher- 

ent. 

4. An alignment sensor as in claim 1 wherein: 

said image rotation interferometer creates a 
25 first image of the symmetrical alignment mark, a ro- 
tated second image of the symmetrical alignment 
mark, and recombines the first and second images. 

5. An alignment sensor as in claim 1 wherein: 

30 the symmetrcal alignment mark has one hun- 

dred and eighty degree symmetry. 

6. An alignment sensor as in claim 5 wherein: 

the symmetrical alignment mark comprises 
35 equally space lines and spaces. 

7. An alignment sensor as in claim 6 wherein: 

the symmetrical alignment mark is a grating. 

40 8. An alignment sensor as in claim 6 wherein: 

the symmetrcal alignment mark is a checker- 
board. 



10. An alignment sensor comprising: 

a source of electromagnetic radiation; 

so a beamspJitter receiving the electromagnetic 

radiation from said source of electromagnetic 
radiation and directing the electromagnetic ra- 
diation to an alignment mark; 
an optical element positioned to receive the 

55 electromagnetic radiation from the alignment 

mark, said optical element forms a first image 
of the alignment mark, a second rotated image 
of the alignment mark, and recombines the first 
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9. An alignment sensor as in claim 6 wherein: 
45 the symmetrical alignment mark is a grid. 
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11. 



and second images interferometricatly; 
a detector positioned to receive the electro- 
magnetic radiation from the optical element; 
and 

a signal analyzer coupled to said detector, said 
signal analyzer determining the center of sym- 
metry of the alignment target based upon a sig- 
nal from said detector. 

An alignment sensor as in claim 10 wherein: 

said source of alignment illumination is coher- 
ent..... ...v 



12. An alignment sensor as in claim 10 wherein: 

said optical element comprises a prism. 

13. An alignment sensor as in claim 10 wherein: 

the alignment mark is one hundred and eighty 
degree symmetric. 

14. A method of detecting an alignment mark compris- 
ing the steps of: 

illuminating an alignment mark with electro- 
magnetic radiation; 

creating a first image of the alignment mark; 
creating a second image of the alignment mark 
rotated relative to the first image; and 
recombining the first image and the second im- 
age, 

whereby the position of the alignment mark is 
accurately determined. 

15. A method of detecting an alignment mark as in claim 
14 wherein: 

the electromagnetic radiation is coherent. 
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16. A method of detecting an alignment mark as in claim 
14 wherein: 

the first image is rotated one hundred and 40 
eighty degrees relative to the second image. 

17. A method of detecting an alignment mark as in claim 
14 wherein: 

the first image and the second image are in- 45 
terfereometrically recombined. 

18. A method of detecting an alignment mark as in claim 
14 further comprising: 

calculating the center of the alignment mark, so 

19. A method of detecting an alignment mark as in claim 
14 wherein: 

the alignment mark is one hundred and eighty 
degrees symmetric. 55 

20. An image rotation interferometer comprising: 



a beamsplitter splitting an image into a first and 
second image; 

a first rotation optical element receiving the first 
image, whereby the first image is rotated; 
a second rotation optical element receiving the 
second image, whereby the second image is 
rotated; and 

a combining optical element receiving the first 
and second images, whereby the first and sec- 
ond images are combined. 

21. An image rotation interferometer as in claim 20 
wherein: 

said first rotation optical element and said 
second rotation optical element are prisms. 

22. An Image rotation interferometer as in dalm 20 
wherein: 

a first optical path distance traveled by elec- 
tromagnetic radiation through said first rotation op- 
tical element between said beamsplitter and said 
combining optical element is equal to a second op- 
tical path distance traveled by electromagnetic ra- 
diation through said second rotation optical element 
between said beamsplitter and said combining op- 
tical element. 

23. An alignment sensor system for use in a scanning 
photolithographic device comprising: 

a scanning stage holding a substrate and hav- 
ing a symmetrical alignment mark with a center 
of symmetry; 

a source of coherent electromagnetic radiation 
providing an illumination field illuminating the 
symmetrical alignment mark, whereby the sym- 
metrical alignment mark is scanned across the 
illumination field by said scanning stage; 
an image rotation interfereometer receiving 
electromagnetic radiation from the symmetrical 
alignment mark illuminated by said source of 
coherent alignment illumination, said image ro- 
tation interferometer provides a first image of 
the alignment mark, a second rotated image of 
the alignment mark, and recombines the first 
and second Images interferometrically; 
a detector receiving electromagnetic radiation 
from the image rotation interferometer; 
a signal analyser coupled to said detector, said 
signal analyser receiving a sinusoidal signal 
from said detector, whereby the center of sym- 
metry of the alignment mark is determined. 

24. An alignment sensor having an alignment axis for 
detecting alignment in two directions comprising: 

an image rotation interferometer receiving elec- 
tromagnetic radiation from a symmetrical align- 
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ment mark having a center and illuminated by 
a source of alignment illumination; and 
a first detector receiving electromagnetic radi- 
ation from the Image rotation interferometer re- 
ceived from the symmetrical alignment mark 5 
providing information of alignment in a first dir 
rection; and 

a second detector receiving electromagnetic 
radiation from the image rotation interferometer 
received from the symmetrical alignment mark io 
providing infomnation of alignnient in a second 

direction;.. . i 

a signal analyzer coupled to said first and sec- 
ond detector, said signal analyzer determining 
the coincidence of the alignment axis of the 
alignment sensor and the center of the symmet- 
rical alignment mark, 

whereby the location of the center of the sym- 
metrical alignment mark is determined. 

20 

25. An alignment sensor for detecting alignment in two 
directions as in claim 24 further comprising: 

an illumination source, said illumination 
source providing coherent illumination having at 
least three different wavelengths. 

26. An alignment sensor for detecting alignment in two 
directions as in claim 24 further comprising: 

an illumination source providing spatially co- 
herent collimated electromagnetic radiation with a 30 
wavef ront perpendicular to the alignment axis of the 
alignment sensor. 

27. An alignment sensor for detecting alignment in two 
directions as in claim 24 wherein: 35 

said image rotation interferometer comprises 
a solid glass assembly of a plurality of prisms. 

28. An alignment sensor for detecting alignment in two 
directions as in claim 27 wherein: 

the solid glass assembly comprises two 
prisms joined at a beamsplitter surface. 

29. An alignment sensor for detecting alignment in two 
directions as in claim 24 wherein: ^5 

said image rotation interferometer provides 
amplitude interference. 

30. An alignment sensor for detecting alignment in two 
directions as in claim 24 wherein: 

said image rotation interferometer provides 
polarization state interference. 
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